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Abstract:  
     The “Mississippian Limestone” in the Midcontinent, United States, has proven to be a 
prolific hydrocarbon reservoir and has been intensely studied with regard to lithology, 
sequence stratigraphy, and facies distribution. Discontinuous lithology and heterogeneous 
facies of complex carbonate systems, however, make conventional correlation methods, 
such as lithostratigraphy, difficult. Two novel chemostratigraphic tools may provide a 
solution to this correlation-challenge: the sulfur isotope composition of carbonate 
associated sulfate (CAS), which is used as a proxy for the isotope composition of 
seawater sulfate at the time of carbonate formation and has been successfully applied to 
reconstruct changes in biogeochemical sulfur cycling on a global scale, and trace metals 
(TMs), which have been successfully applied in shales as proxies for paleoseawater redox 
conditions. Utilizing a framework of sequence stratigraphy for the Mississippian 
limestone in southwest Missouri, we tested the application of CAS isotopes and TM 
content as correlation tools on samples taken along vertical and horizontal transects from 
the St. Joe Group. The sulfur concentration and isotope composition of CAS were 
determined using a leaching and dissolution procedure. The TM content was determined 
for the carbonate fraction as well as the bulk rock fraction including the siliciclastic 
phases; samples were analyzed by inductively coupled plasma mass spectrometry. CAS 
results show a good correlation of the sulfur isotope signal along a lateral transect over 
hundreds of meters and reflect temporal variations on time scales similar to 3rd-order 
sequence cycles. The sulfur isotope composition also indicates that the basin was open to 
global seawater circulation during deposition. Although potential for high-resolution 
characterization is limited in open ocean basins, CAS isotopes may prove more effective 
when used for correlation in restricted basin settings. The TM results suggest fluctuating 
Cd, P, and Ti content on 3rd-order and higher time-scales. The lack of V, U, and Mo 
enrichments indicate that the rocks were deposited in an oxic environment. Although the 
effectiveness of CAS and TMs as correlation tools may be limited by the sampling 
resolution in our study, both parameters can be used to reconstruct the oceanographic 
conditions of the basin during deposition and thus provide useful information. 
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CHAPTER I 
 
 
    
INTRODUCTION 
 
     The “Mississippian Limestone” in the Mid-Continent has been the focus of a variety of 
lithological, sequence stratigraphic, and geochemical studies due to its importance as a 
hydrocarbon reservoir. Extensive carbonate deposition on the Burlington Shelf during the 
Mississippian resulted in a complex succession of shallow-water and platform-margin to 
ramp sediments (e.g., Lane and De Keyser, 1980; Gutschick and Sandberg, 1983; Mazzullo 
and Boardman, 2013; Figure 1). The system has been thoroughly described using traditional 
techniques including lithology, thin section and outcrop scale facies analysis, and sequence 
stratigraphy (e.g., Shoeia, 2012; LeBlanc, 2012; Childress and Grammer, 2015) though rapid 
facies changes and small-scale lithologic heterogeneity can make these methods ineffective 
when attempting regional correlation. Chemostratigraphy offers another tool with which we 
may characterize and possibly correlate units. Oxygen and carbon isotopes of carbonates 
(δ18O and δ13C) have been used for paleoenvironmental indicators and recently have been 
tested as regional correlation tools (Koch et al., 2014; Dupont, in press). However, oxygen 
isotopes can be prone to alteration post-depositional processes such as meteoric diagenesis 
(e.g, Madhavaraju et al., 2013) and carbon isotopes have been shown to be affected by 
factors such as changes in carbonate production, diagenetic processes, paleolatitudes, pH, 
and mineralogy, and may not reflect the depositional isotope composition (Oehlert, et al., 
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2012; Wendler, 2013; Dupont, in press). More unconventional geochemical parameters such 
as sulfur isotope compositions of carbonate-associated sulfate and trace metal abundances 
have yet to be used in the Mid-Continent, both have the potential to be an effective tool, 
while avoiding the problems that exist with conventional methods of correlation (Paytan, et 
al., 2011, and references therein). Sulfur isotopes and trace metals are alternative 
chemostratigraphic tools that may be used to define chemostratigraphic units and offer a 
solution to the challenges of regional correlation in heterogeneous systems. Sulfur isotope 
composition has been used as a paleoseawater proxy to determine ocean basin restriction 
(e.g., Kampschulte and Strauss, 2004), and may be more resistant to alteration by some 
diagenetic processes than oxygen or carbon (e.g., Lyons et al., 2004; Gill et al., 2008; Rennie 
and Turchyn, 2014). Trace metals (TMs) have also previously been used to reconstruct 
depositional environments and seawater conditions (e.g., Tribovillard et al., 2006) and also 
may offer a possible tool for correlation when conventional methods such as litho- and 
sequence stratigraphy are ineffective. 
      The Burlington Shelf was first described as a thin yet aerially extensive carbonate wedge, 
several tens to several hundreds of kilometers in width (Lane and Dekeyser, 1980; Gutschick 
and Sandberg, 1983). More recent work in the Midcontinent has shown it to be more 
consistent with a carbonate ramp environment (e.g., Mazzullo and Boardman, 2013; 
Childress and Grammer, 2015), however, for the purposes of this study we will continue to 
use the “Burlington Shelf” nomenclature when referring to the regional carbonate system. 
Ramp facies are characterized by thin partially dolomitized crinoidal-bryozoan grain-
supported inner ramp facies, undolomitized crinoidal-bryozoan grain-supported mid-ramp 
facies, and mud-supported argillaceous limestone, wackestone, and cherty mudstone distal 
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ramp to basinal facies (Lane and DeKeyser, 1980; Childress and Grammer, 2015). Tectonic 
activity during deposition as well as diagenetic alteration in some areas, overprint the litho, 
bio-, and sequence stratigraphy of the rocks, complicating an already heterogeneous system 
(Mazzullo and Boardman, 2013). 
 
     This study uses the “Mississippian Limestone” in the Midcontinent to evaluate the 
potential of CAS isotope compositions and TM abundances as chemostratigraphic tools that 
can be used to correlate rock units in heterogeneous systems. We evaluated the temporal and 
lateral variability of both of these geochemical parameters in order to determine the spatial 
scale on which they can be used to define strata. This study also provides a geochemical 
 Figure 1: Paleogeographic interpretation of the Mid-Continent during the Early Mississippian. The Burlington 
Shelf was originally interpreted as a shallow carbonate platform, however more recently has been shown to be 
consistent with a distally-steepened ramp setting (from Childress and Grammer, 2015). The red dot depicts the 
location of the study area in southwest Missouri. Bathymetric contours are in meters.  
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analysis of the Early Mississippian carbonates using sulfur isotopes and TM abundances to 
reconstruct the oceanographic and environmental controls on the system during deposition. 
 
Sulfur Isotopes  
     Sulfur has four stable isotopes (32S, 33S, 34S, and 36S) with 32S and 34S being the most 
abundant at approximately 95.0% and 4.20 %, respectively (Thode, 1991). Sulfur occurring 
as sulfate (SO42-) is the second most abundant anion in modern seawater, after Cl- and has a 
residence time of approximately 10 million years, causing the isotopic composition of sulfur 
in the global oceans to be effectively homogenous (Rees et al., 1978). However, over 
geologic time, changes in the concentration and sulfur isotope composition of seawater 
sulfate have occurred due to changes in the balance of sulfur fluxes. Various geological, 
geochemical, and biological processes influence the sulfur cycle and subsequently the 
isotopic composition of the seawater sulfate pool including weathering, continental runoff, 
volcanism, hydrothermal activity, pyrite burial, and bacterial sulfate reduction (e.g., Thode, 
1991; Strauss, 1997; Paytan, et al., 2011; Mills, et al., 2017). One of the most significant 
fractionation processes for seawater sulfate, bacterial sulfate reduction (BSR), favors 32S, 
causing residual seawater sulfate to be enriched in 34S. Conversely, the product of BSR, 
hydrogen sulfide (H2S), is depleted in 34S and is buried in marine sediment in the form of 
pyrite and organically bound sulfur (e.g., Thode, 1991). Maximum depletions in 34S of 
sulfides from populations of sulfate-reducing bacteria were previously thought to be -46‰ 
(e.g., Rees, 1973; Habicht and Canfield, 2001), though it has since been shown that 
depletions may reach values above -70‰ (e.g., Wortmann et al., 2001; Brunner and 
Bernasconi, 2005; Canfield et al., 2010; Sim et al., 2011). Fractionation rates are effected by 
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temperature variations, substrate type, substrate concentrations, and the bacterial assemblages 
involved (Canfield, 2001; Sim et al., 2011). The balance between pyrite weathering and 
pyrite burial has a significant influence on the seawater sulfate isotope composition through 
time, with pyrite burial being strongly dependent on the intensity of BSR in a system (e.g., 
Thode, 1991; Strauss, 1997; Paytan, et al., 2011; Tostevin et al., 2014; Mills, et al., 2017).  
 
Previous Sulfur Records 
     Early data documenting the changing sulfur composition of seawater sulfate (δ34Sseawater) 
through time were obtained from marine evaporite deposits, such as the preliminary time 
curve presented by Claypool et al. (1980). Evaporites offer limited time resolution/continuity 
due to their formation in restricted marine settings which may not represent global ocean 
chemistry, as well as the lack of fossils that can be used for age constraints (Marenco et al., 
2008), however, for well-constrained time intervals, evaporites appear to offer a reliable data 
set (Bernasconi et al., 2017). Marine barite has been used to gather higher resolution sulfur 
isotope data for the Cenozoic and Cretaceous and additional barite and evaporite data has 
since been added to the curve, yet significant gaps remained (e.g., Strauss, 1997; Paytan et 
al., 1998; Paytan et al., 2004). Another method, carbonate associated sulfate (CAS) has been 
used to analyze sulfur isotopes using the sulfates associated with marine carbonates. Using 
CAS, sulfur data can be obtained from periods of time and locations where marine barite and 
evaporites are ineffective or nonexistent.  
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Carbonate Associated Sulfate 
     Carbonate associated sulfate refers to the sulfate ions that are bound in a carbonate rock 
during its formation. Sometimes referred to as ‘structurally substituted sulfate’ (Kampschulte 
and Strauss, 2004), it was thought that the sulfate ions (SO42-) replace carbonate ions (CO32-) 
in the crystal lattice during mineralization, becoming part of the carbonate structure (Takano, 
1985). However, it not certain if this is truly the mechanism for sulfate inclusion, and 
therefore, the expression ‘carbonate associated’ may be more appropriate than ‘structurally 
substituted’ (Brunner, personal communication, 2015). Sulfate trapped in the carbonate 
reflects the abundances of 34S versus 32S as well as 18O versus 16O of sulfate ions in the 
seawater in which the carbonate precipitated (e.g., Burdett et al., 1989; Strauss, 1997; 
Kampschulte and Strauss, 2004; Marenco et al., 2008, and references therein). No significant 
isotopic fractionation occurs during CAS incorporation; therefore, analyzing CAS can 
provide an accurate measurement of the sulfur composition of the seawater during the time of 
primary carbonate growth (e.g., Burdett et al., 1989; Lyons et al., 2004; Kampschulte and 
Strauss, 2004; Gill et al., 2007; Gischler et al., 2017). In order to reflect global seawater 
composition, the basin in which the carbonates formed must have been open to global ocean 
circulation during carbonate formation. If the carbonates being sampled accumulated within a 
restricted basin, or seaway closed off from global circulation, the CAS will represent the 
composition local to that basin (e.g., Burdett et al., 1989; Kampschulte and Strauss, 2004). 
For the analysis of global seawater sulfate, CAS from well-constrained biogenic carbonates 
formed within a basin open to global circulation offers a more precise sulfur isotope analysis 
than that of marine evaporites, and is more widespread than marine barite (Paytan et al., 
2011). 
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     Carbonate associated sulfate offers an improved spatial and temporal distribution of data 
as well as better precision than previous marine sulfate data, yet limitations still exist. The 
accuracy with which CAS represents the seawater sulfate composition is dependent on the 
condition of the carbonates it is extracted from, and therefore the effect of post-depositional 
alteration, including diagenesis and dolomitization, must be considered (e.g., Marenco et al., 
2008; Gill et al., 2008; Paytan et al., 2011). Marenco et al. (2008) found that trends exist 
between the degree of dolomitization and sulfur isotope compositions, where limestones 
exhibit higher δ34SCAS values than dolomitized rocks. During dolomitization, original calcite 
may be replaced with dolomite with a sulfur isotope composition that does not correspond to 
sulfate from seawater during original deposition, and instead reflects that of the dolomitizing 
fluid during alteration. CAS may remain valid for dolomitic rocks, though the degree of 
dolomitization and alteration history must be considered. Early marine diagenesis does not 
seem to affect the CAS sulfur isotopic signals in the same way, and the signal remains 
representative of formation conditions despite influence from pore waters and bacterial 
sulfate reduction (Lyons et al., 2004; Gill et al., 2008; Rennie and Turchyn, 2014). Gill et al. 
(2008) showed that meteoric diagenesis lowers the concentration of CAS. However, during 
sulfate removal, no stable sulfur isotope fractionation occurs and thus, the remaining CAS 
preserves the original sulfur isotope signature and therefore is not compromised by meteoric 
diagenesis (Gill et al., 2008). Since the sulfate molecule is very stable, and does not exchange 
oxygen isotopes with water (e.g., Rennie and Turchyn, 2014), it is reasonable to presume that 
also the oxygen isotope composition of CAS remains undisturbed. Any sulfate introduced 
during authigenic carbonate precipitation are sourced from the original rock, and therefore 
the original sulfur isotopic signal is preserved, though concentrations may decrease (Gill et 
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al., 2008). However, if calcite crystallization occurred from sulfate-laden non-marine 
diagenetic fluids, the resulting sulfur and oxygen isotopes may not reflect that of the 
originally deposited rock. This must be considered when working on rocks with a history of 
fluid flow or diagenetic overprint. Though more work is needed to understand the effects of 
diagenesis on CAS, early marine or meteoric diagenesis has been shown to not significantly 
compromise the CAS sulfur isotopic signal. 
 
Trace Metals 
     Similar to sulfate, trace amounts of elemental metals may also be incorporated into the 
carbonate structure and reflect metal concentrations of the seawater during the time of 
precipitation (Hastings et al., 1996; Beer et al., 2011). Although present in seawater in very 
low concentrations, usually below 1 ppm (Bruland and Lohan, 2003), the abundances and 
states of these trace metals (TMs) can be used to determine a variety of paleoenvironmental 
conditions (e.g., Reeves and Brooks, 1978; Tribovillard et al., 2006, and references therein). 
Most commonly, elements such as vanadium (V), molybdenum (Mo), and uranium (U) have 
been used to evaluate redox conditions in paleomarine systems (Hastings et al., 1996; 
Tribovillard et al., 2006; Algeo and Rowe, 2012). Redox condition refers to the state of 
oxidizing agents (oxygen) in the system, and in turn, the biogeochemical processes that 
control the distribution of oxygen. Redox conditions can be described as being oxic ([O2]>2 
ml/l H2O), suboxic (2>[O2]>0.2 ml/l H2O), and anoxic ([O2]=0 ml/l H2O). Euxinic is used to 
describe conditions where [O2]=0 ml/l H2O but with measurable amounts of free H2S present 
(e.g., Tyson and Pearson, 1991; Tribovillard et al., 2006). Under anoxic and euxinic 
conditions, V, U, and Mo become enriched in the sediment (Figure 2; Algeo, and Maynard, 
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2004). Therefore, TM content measured for V, U, and Mo can be used to determine the 
paleoredox conditions of the basin during deposition. 
 
Figure 2: Diagram showing relative enrichments of certain TMs when transitioning from oxic-suboxic 
to anoxic and euxinic conditions (From Tribovillard et al., 2006). 
      
     Other metals such as chromium (Cr), and cobalt (Co) are influenced by detrital input and 
therefore may indicate sources of detrital input (Tribovillard et al., 2006). Nickel (Ni), copper 
(Cu), zinc (Zn), and cadmium (Cd) are used as micronutrients in biogeochemical cycles or 
are associated with organic matter, making them useful as paleo-productivity proxies 
(Tribovillard et al., 2006, and references therein). Each specific trace metal plays a different 
role in the ocean’s biogeochemical cycle, therefore a suite of trace metal data may give 
crucial insight into the paleoseawater conditions in which the sample was deposited. 
     TM abundances have already been developed into a tool for recognizing changing 
hydrographic conditions or anoxic/oxic events within a basin (e.g., Algeo and Rowe, 2012, 
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and references therein). Trace metal enrichments or depletions caused by such an event can 
be recognized in samples throughout the basin, and therefore chemostratigraphic boundaries 
can be defined. Few studies, such as Guo, et al. (2007) have applied the same concept to 
widespread TM enrichments in shales, to correlate areally extensive units within a basin. 
Further developing this tool, TMs signatures within a stratigraphic section may be used as an 
additional parameter to characterize and correlate rock units. Much the same way lithofacies 
are defined, geochemical facies may be defined using trace metal assemblages. Finding 
trends in TM abundances, or similar geochemical facies, a rock unit may be correlated 
between locations within a basin, even when lithology varies. TMs show potential to be used 
as a chemostratigraphic tool in which to characterize and correlate rocks, and may be used in 
conjunction with other tools such as sulfur isotope compositions to provide an effective 
characterization. 
 
What Makes an Effective Stratigraphic Correlation Tool? 
     In order to assess the potential of a new chemostratigraphic tool, we must first define what 
makes an effective chemostratigraphic tool. Chemostratigraphy refers to the classification 
and correlation of sediment and rock packages based on their geochemical compositions 
(Ramkumar, 2015). Both isotope stratigraphy and TM stratigraphy aim to define rock units 
based on their geochemical characteristics; the first using isotope compositions, and the 
second using TM abundances. The approach is similar to that of lithostratigraphy, where 
rocks are grouped and distinguished based on lithology. For lithostratigraphy to be effective, 
rock units must be characterized based on a trait (grain size, composition, sorting, etc.) that 
can be distinguished from the surrounding strata, as well as if it is laterally continuous so that 
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it can be correlated between locations. The temporal scale at which these units must be 
distinguished and the lateral scale on which they must be continuous depends on the question 
addressed. The same is true for chemostratigraphy, where the geochemical parameter – or 
suite/set of geochemical parameters – being used must be distinguishable from the 
surrounding strata, though consistent enough laterally that it may be correlated with strata at 
other locations. An ideal chemostratigraphic correlation tool will use a parameter (set) that 
varies frequently and distinctly between strata, and is laterally consistent within a single unit. 
The higher the frequency with which this parameter varies, the higher the frequency cycles or 
higher resolution time-scales that will be able to be defined using it. Similarly, the scale in 
which the parameter is laterally continuous will determine the spatial scale on which it can be 
used to correlate (outcrop, region, basin, global). Also, if a parameter is affected by syn- or 
post-depositional processes in a way that makes it inconsistent within a rock unit, it has 
limited use as a correlation tool. 
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CHAPTER II 
 
 
 
METHODS 
 
Study Area 
     The study location was chosen due to the existence of a detailed sequence stratigraphic 
framework from a previous study (Childress and Grammer, 2015). The study area consists of 
two outcrops located on the north side of Highway 71 near Jane, in McDonald County, 
Missouri. The southern sampling location, nearest to Jane, is the outcrop studied by Childress 
and Grammer (2015) to develop their sequence stratigraphic framework for the Mississippian 
strata in Missouri, and will be referred to as the “Primary” outcrop. The Primary outcrop lies 
0.5 km northwest of the intersection of Highway 71 and Route 90, 20 km east of the 
Oklahoma – Missouri border (36° 32’ 49’’ N, 94° 19’ 32’’ W; Figure 3). The outcrop 
consists of a road cut, which exposes a section of Woodford Shale and Lower Mississippian 
strata 250 m long, and 20 m high, oriented northwest-southeast, at an elevation of 306 m 
above sea level. The outcrop is bordered on the northwest by a private road, and on the 
southeast by a soil-covered slope. The second sampling location, referred to as the 
“Secondary” outcrop, lies 0.5 km northwest of the Primary outcrop along Highway 71 (36° 
33’ 5’’ N, 94° 19’ 53’’ W), consisting of a several hundred-meter-long road cut exposing 
Mississippian strata stratigraphically above that of the Primary outcrop. 
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Stratigraphic Framework      
      The lithology at the study area is consistent with a distally-steepened ramp setting, with 
deep-water deposits to the southwest (Mazzullo and Boardman, 2013). The dominant facies 
include calcareous shale to silty limestone, and crinoidal-bryozoan wackestones, packstones, 
and grainstones, deposited on the middle ramp (See Figure 1). The studied stratigraphy 
consists of the upper Devonian section of the Woodford Shale, and the overlying 
Mississippian strata including the Bachelor, Compton, Northview, and Pierson formations. 
Samples were collected from the Compton, Northview, and Pierson formations, which make 
up the Kinderhookian-Osagean St. Joe Group (Figure 4; Mazzullo and Boardman, 2013; 
Childress and Grammer, 2015).  
     At the Primary outcrop, the Bachelor Fm. unconformably overlies the Woodford Shale 
(Figure 4; Childress and Grammer, 2015). The Bachelor Fm. appears as a thin green-gray 
bed of calcareous shale reaching no more than 10 cm in thickness, nonexistent in some 
locations. The Compton Fm. overlies the Bachelor Fm. and appears in the outcrop as a 3-4 m 
Figure 3: Left, overview of the Midcontinent, United States. The study area is shown by the red dot. Right, location 
of Primary and Secondary outcrops along Highway 71, in southwest Missouri. 
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thick, thickly bedded section of crinoidal-bryozoan wackestones, packstones, and 
grainstones. The Compton Fm. contains several allochthonous masses that have most 
recently been interpreted as olistoliths carried downslope by debris flows and deposited in a 
mid-to-lower carbonate ramp setting (Childress and Grammer, 2015). These olistoliths were 
avoided during sampling as they may not represent the geochemical characteristics of the 
surrounding deposits. The Northview Fm. is the uppermost Kinderhookian strata and is seen 
as a 0.5 to 2 m thick bed of green-gray calcareous shale to silty limestone. Childress and 
Grammer (2015) notes that flaser bedding, lenticular bedding, bi-directional ripples, and 
exposure surfaces are present within the Northview Fm. at the study location, indicating a 
Figure 4: Stratigraphic column and outcrop picture showing the sampled strata. Samples were taken from 
the Compton, Northview, and Pierson formations of the St. Joe Group. Stratigraphic column based on 
Mazzullo and Boardman (2013). 
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shallowing upward tidal flat depositional environment. The Osagean Pierson Fm., Osagean in 
age, is the uppermost unit of the St. Joe Group and unconformably overlies the Northview 
Fm. It consists of 4-6 m of crinoidal-bryozoan packstones and crinoidal grainstones. The 
lithology is similar to that of the Compton, yet the Pierson Fm. displays an increased 
variability of skeletal grains, including brachiopods, bryozoans, and ostracods, and lacks 
olistoliths such as those observed in the Compton (Childress and Grammer, 2015). Overlying 
strata at the top of the outcrop are covered by soil and vegetation. 
      Thin section analysis completed for the outcrop (Childress and Grammer, 2015) indicates 
skeletal grain abundance ranging from 30% to 85%, with the highest percentages in what 
were interpreted to be the most proximal, shallow-water facies. Micrite matrix composed 
approximately 5% in the most proximal facies, and up to 65% in the mud-rich distal facies. 
Cement ranges from 2-10% and usually consist of blocky calcite crystals. Dolomite rhombs 
are present in some facies but typically less than 5% and localized. Pyrite and dead oil are 
present, but usually less than 1% filling fractures and vugs. Fracture, vuggy, interparticle, and 
intraparticle pore types were present; sizes were on the nano- to micro-pore scales and 
overall porosity is usually less than 1% (Childress and Grammer, 2015). 
     The Secondary outcrop consists of Pierson strata that in hand sample appear to be a finer-
grained wackestone-packstone, lighter in color, and contains fewer fossils than that at the 
Primary outcrop. The Pierson Fm. is overlain by the Osagean Reeds Spring Fm., which 
consists of fine-grained and sparsely fossiliferous gray limestone (Cline, 1934) with up to 
75% blue-gray syndepositional and post depositional chert, and is the lowermost unit of the 
Boone Group (Mazzullo and Boardman, 2013). In this region, the contact between the Reeds 
Spring and underlying Pierson Fm. is an angular unconformity (Mazzullo and Boardman, 
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2013) although in other regions the Reed Springs overlies the St. Joe Group conformably 
(Cline, 1934).  
     Although significant complexity and heterogeneity exist within the system, the facies 
present within the St. Joe Group strata are most consistent with those deposited on a distally-
steepened ramp, between fair-weather and storm wave base (Figure 5; Childress and 
Grammer, 2015, and references therein).  
 
Figure 5: Depositional model for the study area as proposed by Childress and Grammer (2015) and shown by a 
red box. Facies are consistent with being deposited on a distally-steepened ramp between fair-weather (FWWB) 
and storm wave base (SWB). The most proximal facies include those of the tidal flat deposits within the 
Northview Fm. The large masses within the Compton Fm., interpreted as slumps, were deposited on the outer-
distal ramp setting (From Childress and Grammer, 2015, modified from Handford, 1986). 
 
     For the purpose of this study, cycle hierarchy will be defined as presented by Kerans and 
Tinker (1997) (Table 1). Transgressive phases are defined by deep-water crinoidal-bryozoan 
wackestone facies, while regressive phases are defined by shoaling upward facies including 
crinoidal-bryozoan wackestones, packstone-grainstones, and skeletal grainstones (Childress 
and Grammer, 2015). Two 3rd-order sequences were defined and remained consistent across 
the outcrop. The first 3rd-order sequence includes a transgressive phase spanning the entire 
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thickness of the Compton Fm., and a regressive phase spanning the thickness of the 
Northview Fm. The Northview Fm. is capped by a subaerial exposure surface, representing 
the greatest extent of sea level fall observed in this outcrop. The transgressive phase of the 
second 3rd-order sequence begins at the base of the Pierson Fm., indicated by an exposure 
horizon and implied flooding surface just above the Northview Fm. The regressive phase 
begins just over 1 m above the Pierson-Northview boundary, and continues for the rest of the 
outcrop. Multiple 4th- and 5th-order high frequency cycles are superimposed on the 3rd- order 
sequences, though are less continuous across the outcrop (Childress and Grammer, 2015). 
 
Field Methods 
     Samples were taken from the Primary outcrop at 0.3 – 1 m intervals along vertical 
transects previously studied by Grammer and Childress (2015). Samples from the secondary 
Table 1: Table showing the cycle hierarchy for sea level sequences and cycles (From Childress, 2015; after 
Kerans and Tinker, 1997). 
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outcrop were taken along a lateral northwest-trending transect in an attempt to assess lateral 
variability. Samples were taken from the upper Pierson Fm. using the contact defined in 
Shoeia (2012), and by the lack of chert characteristic to the Reeds Spring Fm. (Appendix, 
Figure 13). Sample locations at this outcrop were approximately 25 m apart, and less than 1 
m below a distinct silty marker bed to ensure that samples were taken from the same 
stratigraphic horizon (Figure 6). When possible, samples were taken with a Pomeroy EZ 
Core hand-held gasoline powered core drill with diamond-tipped core bit. This allowed us to 
take samples from deeper within the outcrop, in an attempt to avoid weathering rinds and 
exposed surfaces. With this method, short cores 1 inch in diameter and 2-6 inches long, with 
minimal weathering rinds were recovered. In the following discussion, ‘cores’ will refer to 
these short cores taken using the hand held drill. In locations where cores were not 
obtainable, hand samples were taken using a rock hammer. Hand samples were large enough 
to ensure that there was sufficient material for processing after weathered surfaces were 
removed from the sample. In some locations, cores as well as hand samples were taken to 
evaluate the effect of each collection method. 
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CAS Analysis 
      Short cores and hand samples taken from the field were analyzed for CAS sulfur isotope 
compositions. A rock saw was used to cut away all visible weathered edges and secondary 
veins. Samples were first broken using a rock hammer, and then crushed into a fine 
homogeneous powder using a ball mill with a steel canister.  
     Samples used for CAS analysis were prepared using methods modified from those 
presented by Kampschulte and Strauss (2004) and Gellatly and Lyons (2005). Wotte et al., 
(2012) and Theiling and Coleman (2015) presented further methods to ensure proper rinsing 
Figure 6: Photo of the Secondary outcrop. Samples for the lateral transect were taken within the Pierson 
Fm., no more than 1 m from the silty marker bed, though typically within 10-30 cm.  
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and prevent oxidation of the samples during dissolution, yet the method described below was 
found to be sufficient in this study. Whole rock and core samples were washed and cut into 
slices with a rock saw to remove any veins and weathered edges. The rock slices were 
crushed using a ball mill until finely powdered. Between 20-40g of the powdered sample 
(dependent on the amount available) was added to an Erlenmeyer flask, along with 500 ml of 
10% NaCl solution. The solution was thoroughly shaken by hand, and then left to soak for 12 
hours. The purpose of soaking in NaCl solution was to remove any soluble sulfate minerals 
such as gypsum from the sample (Kampschulte and Strauss, 2004). The samples were then 
decanted and soaked in 500 ml deionized water for 24 hours to rinse away the NaCl solution. 
Next, 500 ml of 5.25% NaOCl was added and left to soak for 48 hours followed by decanting 
and two 24 hour DI water rinses. The NaOCl leaching removes any organically bound sulfur 
present in the samples (Gellatly and Lyons, 2005). The samples were completely dissolved 
with 4M HCl and filtered with a 0.45 micron Millipore vacuum filtering system. The residue 
remaining after HCl dissolution was weighed and recorded as insoluble. Next, 125 ml of 
saturated (250 g /L) barium chloride solution was added to each flask and left to precipitate 
until visible barium sulfate settled to the bottom of the flask (2-3 days). The solutions were 
then vacuum filtered, where the barium sulfate was recovered using a pre-weighed Millipore 
filter. After drying overnight in an oven at 40° C, barium sulfate was recovered from the 
filters and transferred to vials. When possible, all samples from a single transect were 
prepared during the same set to minimize procedural variability. A modern sample, either 
ooids from the Bahamas, or shells from San Diego, CA, was prepared with each set to use as 
a modern reference. After extraction, approximately 0.5 mg of barium sulfate from each 
sample was weighed into a 5mm x 9mm tin combustion capsule along with 0.5 mg of 
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vanadium pentoxide, sealed, and placed in a well plate. All CAS sample preparation and 
extraction was completed at Oklahoma State University using facilities and lab supplies 
provided by Boone Pickens School of Geology. 
      Prepared samples were sent to the University of Texas at El Paso’s Department of 
Geological Sciences to be analyzed for sulfur isotope composition using an Elementar 
GeoVisIon® continuous flow isotope ratio mass spectrometer (CF-IRMS) attached to an 
Elementar Pyrocube® elemental analyzer. Sulfur isotope data is expressed as a δ-value (‰) 
relative to the sulfur isotope ratio for the Vienna Canyon Diablo Troilite (VCDT) standard, 
as defined: 
 
 
 
 
     To determine the error in the CAS extraction and measurement method, repeats for 
several of the samples were measured, including a triplicate of three samples from the 
Primary outcrop, a triplicate of one sample from the Secondary outcrop, and a duplicate of 
one sample from the modern samples. Error was calculated by using the standard deviation 
of the mean for all repeat samples. The maximum error for δ34SCAS was determined to be 
± 0.21‰ for the Primary outcrop. The error for the Secondary outcrop was ± 0.06‰, and for 
the modern samples was ± 0.15‰. It is important to note that repeat samples were split after 
barium sulfate precipitation, therefore additional error between samples introduced during 
the earlier stages of leaching and extraction may not be fully represented by this error 
calculation.  
(34S/32S)sample – (34S/32S)standard  
  -----------------------------------------------------      X 1000  ‰         
                          (34S/32S)standard 
 
δ34S =  
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     Analytical error introduced from the instrument was determined separately using lab 
standards. Maximum instrument error was determined to be ± 0.18‰. 
 
Trace Metal Analysis  
     In order to determine the TM abundances associated with different phases in the samples, 
a two-step TM analysis was carried out. Separate extractions were completed on trace metals 
associated with the carbonate fraction, and the bulk fraction, including siliciclastic and other 
non-carbonate minerals. Short cores collected from the field were drilled using a Dremel 
rotary tool and a 1/8 inch diamond-coated carbide drill bit, producing a fine powder, which 
was placed in a sealed vial. Material was taken from the interior of the sample using the drill 
so as to minimize inclusion of contamination of the sample during coring.  
     For sample digestion, 250 mg (± 1 mg) of each sample was added to a cleaned teflon vial. 
For the carbonate-only fraction, a leaching procedure modified from methods presented by 
Tessier et al. (1979) and Poulton and Canfield (2005) was used. Samples were leached in a 
1 M sodium acetate solution that was acidified to a pH of 4.0 using acetic acid and shaken for 
24 hours. For bulk fraction TM content, a multi-acid total digest procedure with nitric 
(HNO3), hydrochloric (HCl), and hydrofluoric (HF) acid using a temperature and pressure 
digest system (PicoTrace, DAS) was used. The abundances of trace metals in each fraction 
were measured via inductively coupled plasma-mass spectrometry using a Thermo Fisher 
Scientific ICAP Qc MS®.  All trace metal sample preparation and analysis was completed at 
Oklahoma State University. TM-grade equipment, containers, and chemicals were used 
during the digestion and analysis of the samples to avoid introducing metal contamination 
during the procedure. Trace metal abundances are reported in ppm and the analytical error 
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for each fraction is calculated using the standard deviation of a set of repeat measurements. 
Average analytical error for the bulk-fraction samples is ± 2.0 %; average error for 
carbonate-fraction is ± 1.3 %. 
     For bulk-fraction TM abundances enrichment factors (EF) were calculated by normalizing 
the TM content to the aluminum content, and comparing to an average shale:  
 
EFTM=(TMsample/Alsample)/(TMshale/Alshale). 
 
Average shale values were taken from Wedepohl (1971). Though the samples rocks are not 
shale, Wedepohl’s (1971) values for average shale were used for normalization because little 
data exists on the average trace metal composition of carbonates. 
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CHAPTER III 
 
 
 
RESULTS 
 
CAS Data 
Sulfate Concentrations 
 
     Sulfate concentrations [SO42-] were calculated gravimetrically from the mass of barium 
sulfate precipitated, and the original mass of the sample used. This calculation gave a sulfate 
concentration of the sample, assuming that the sample was 100% carbonate minerals. Many 
samples contained various amounts of clay and silica minerals that were not dissolved during 
HCl dissolution, and were not reflected in the calculated sulfate concentration. Samples 
ranged from greater than 99% carbonate minerals for the modern samples, to as low as 40% 
for the siltier Northview Fm. samples. Carbonate percentage was calculated using the 
recovered mass of insoluble residue and the total sample mass. During the initial CAS 
extraction runs, the insoluble residue was not recorded for some of the samples. The 
percentage of carbonate for these samples was estimated using the percentage calculated for 
the known sample from the closest stratigraphic interval to the unknown sample. Error may 
exist in cases where there is small-scale variation in lithology. The calculated sulfate 
concentrations were corrected for all samples in this way.
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The [SO42-]CAS for the Primary outcrop range from 87 ppm to 976 ppm with an average of 
344 ppm and a standard deviation of 177 ppm (Figure 7). For the Secondary outcrop,  
samples taken over a single lateral transect yielded [SO42-]CAS from 233 ppm to 975 ppm with 
an average of 459 ppm and a standard deviation of 176 ppm (Figure 8). 
 
Sulfur Isotope Compositions 
 
 
     Sulfur isotope values were obtained from 59 samples of the Mississippian limestone in the 
study area (Appendix, Table 2). Of these, 39 were taken from the Primary outcrop along 
vertical transects, and 20 from the Secondary outcrop along a lateral transect. For the Primary 
outcrop, δ34SCAS values range from 7.4‰ to 25.8‰, with an average of 20.8‰ and a standard 
deviation of 3.9‰ (Figure 7). Values increase from approximately 18‰ in the Compton Fm. 
(Early Kinderhookian) to 23‰ in the Northview Fm. (Late Kinderhookian), and decrease 
again in the middle Pierson Fm. (7-10 m) to approximately 16‰. For the lateral transect, 
δ34SCAS values range from 12.1‰ to 21.6‰ with an average of 15.8‰ and a standard 
deviation of 2.7‰ (Figure 7). The two locations with the heaviest δ34SCAS values are 65 m 
(19.9‰) and 83 m (21.6‰). For both of these locations, additional samples taken from the 
same location fall closer to the average δ34SCAS for the lateral transect (δ34SCAS 13‰ and 
16‰). 
 
Modern Samples 
 
     A sample of modern carbonate sediment was prepared and analyzed with each lab set as a 
control. Modern samples were either ooids from Joulter’s Cay, Bahamas, or carbonate shell 
debris collected near San Diego, California, composed of over 99.8% carbonate. The δ34S 
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values for the modern samples were from 20.9 – 22.3‰ with an average value of 20.8‰. All 
of the modern carbonates yielded values that lie reasonably close to the accepted value of 
20.6‰ (Rees, 1978), and a recently determined value for the eastern Pacific Ocean basin of 
21.24‰ (Tostevin, et al., 2014). There were no significant differences in the δ34SCAS values 
of the two sample locations, as would be expected considering the sulfur isotope composition 
of the global ocean is assumed to be homogeneous. The modern control samples were treated 
the same way through the lab procedure as the study samples, and the resulting values show 
that the lab procedure is successful in measuring accurate δ34SCAS values.  
     Concentration data was also calculated for the modern samples, which varied between the 
Bahamian and the Californian samples. The average value for the Bahamian samples is 2830 
ppm while the Californian average is 1760 ppm. The accepted modern global seawater 
sulfate concentration is approximately 2780 ppm (Millero, 2005; Algeo et al., 2015), 
however, seawater sulfate concentrations are dependent on local processes such as 
continental freshwater input and sediment source, and therefore may vary globally, especially 
near shorelines (Thode, 1991). Additionally, sulfate incorporation is dependent on the 
carbonate component being formed (Staudt and Schoonen, 1995). For example, Staudt and 
Schoonen (1995) show that mollusks tend to incorporate less sulfate as CAS than ooids, 
which may explain the difference in concentration between the Bahamian ooids and the 
Californian shells. Although varying between location, concentrations for multiple samples 
from the same location were consistent (within approximately 250 ppm), supporting the 
methods reproducibility. 
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 Figure 7: δ34SCAS and [SO42-]CAS for Vertical Transect 2. Lithology and sequence cycles taken from Childress and 
Grammer (2015). Arrows show trends up the section. Lithology based on the Dunham (1962) classification for 
carbonates. 
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Figure 8: δ34SCAS and [SO42-]CAS for the lateral transect plotted against sampling location from north (0 m) to south (185 m). Dashed lines represent mean of each 
dataset; shaded bars represent standard deviation from the mean of each dataset. All samples were taken from the Pierson Fm. stratigraphically above that of the 
vertical transect
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Trace Metal Data 
Vertical Transect TM Content 
 
 
     Bulk-fraction and carbonate-only fraction TM abundances were obtained from 
samples along vertical transects of the primary outcrop for 15 elements. All values 
reported here are taken from a single vertical section (VS2; Figure 9). Phosphorous (P) 
bulk-fraction abundance for all samples in VS2 varies between 48.75 and 228.73 ppm 
while carbonate-fraction abundance varies between 18.18 and 59.31 ppm. The P 
carbonate-fraction abundance shows a decreasing trend from 0 m to 2.5 m approximately 
80 to 60 ppm), and a similar increase from 4 m to 6 m. Titanium (Ti) bulk-fraction 
abundance varies between 706.30 and 882.80 ppm while carbonate-fraction abundance 
varies between 171.67 and 321.61 ppm. Carbonate-fraction Ti abundance fluctuates 
between the minimum and maximum values on 2-3 meter-scale cycles. Bulk-fraction 
trends follow decreasing carbonate-fraction Ti abundance from 5.75 m to 7 m, and 
increasing trends from 10 m to 12 m. Vanadium (V) bulk-fraction varies between 1.40 
and 9.07 ppm and carbonate fraction varies between 0.21 and 7.58 ppm. Chromium (Cr) 
bulk-fraction contents vary between 0.97 ppm and 4.35 ppm and the carbonate-fraction 
varies between 0.13 and 4.74 ppm. Nickel (Ni) bulk-fraction varies between 2.73 and 
35.55 ppm while the carbonate-fraction varies between 0.76 and 32.84 ppm. Uranium (U) 
bulk-fraction content varies between 0.03 and 0.09 ppm and carbonate-fraction content 
varies between 0.01 and 0.04. Vanadium, Cr, Ni, and U, have different absolute contents, 
though they share similar trends.  The carbonate-fraction of these elements show 
decreases of similar magnitude over the interval from 0 to 2 m. Vanadium and Cr 
carbonate-fractions both spike in abundance at approximately 5 m (200-300%), but then 
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return to the previous values. The abundances remain relatively consistent for the rest of 
the section. The bulk-fraction abundance for V and Cr steadily increase from 5.75 m to 
7 m, during the same interval where bulk-fraction Ti abundance decreases (Figure 8). 
Vanadium and Cr peaks at 10 m follows this increasing trend, though due to the low 
sample density, we cannot say whether this is truly a trend or a single anomalous sample. 
Thorium (Th) bulk-fraction varies between 0.17 and 0.73 ppm and the carbonate-fraction 
varies between 0.06 and 0.98 ppm. The molybdenum (Mo) bulk-fraction content is low ( 
< 0.27 ppm) while the carbonate-fraction is consistently below the detection limit of the 
instrument. Cadmium (Cd) bulk-fraction varies between 0.14 and 0.37 ppm while the 
carbonate-fraction varies between 0.09 and 0.41. Carbonate-fraction Cd abundance 
increases from approximately 0.1 ppm (100 ppb) to over 0.3 ppm from 4 m to 7 m and 
then decreases again to approximately 0.2 ppm from 7 to 10 m. Barium (Ba) bulk-
fraction varies between 3.26 ppm and 49.52 ppm and, except for an outlier (49.52 ppm), 
remains relatively consistent through the section (0-10 ppm). Carbonate-fraction Ba 
abundance varies between 1.15 and 22.41 ppm. Additional metal abundances can be seen 
in the Appendix (Table 4 and 5).
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Figure 9: Trace metal content for both bulk- and carbonate-only fractions plotted against stratigraphic height, facies, and sequences 
(Childress and Grammer, 2015). Arrows for Cd, P, and Ti, show generalized trends in abundance. For Ba, the red line indicates mean 
while the shaded area represents one standard deviation from the mean to signify relative lack of deviation. Continued on next page. 
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Figure 9, continued: Trace metal content for both bulk- and carbonate-only fractions plotted against stratigraphic height, 
facies, and sequences (Childress and Grammer, 2015). Arrows for Cd, P, and Ti, show generalized trends in abundance. For Ba, 
the red line indicates mean while the shaded area represents one standard deviation from the mean to signify relative lack of 
deviation.  
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Enrichment Factors 
 
 
     The enrichment factor (EF) for each element was calculated and is provided in the 
Appendix, (Table 6). Samples from two transects (VS2 and VS3) were included for EF data. 
Enrichment factors greater than 1 indicate enrichment relative to average shale; conversely, 
EFs less than 1 indicate depletion (e.g., Tribovillard et al., 2006). Phosphorous and Cd both 
show an enrichment over the section; P with EF’s between 1.87 and 26.85 and Cd between 
27.05 and 278.72. Cadmium shows the highest enrichment out of any measured TM. 
Vanadium, Cr, Fe, Mo, and Th all show negligible enrichments with EFs ranging from 0.76 
to 4.41, with average EFs between 1.0 and 2.0. Barium shows an average EF of 0.76, with 
individual samples ranging from 0.39 to 2.18. Uranium is also generally depleted with an 
average EF of 0.70, with samples ranging from 0.33 to 2.19.  No apparent trend is seen 
moving up the section for the EF of any mentioned TM. 
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CHAPTER IV 
 
 
 
DISCUSSION 
 
CAS Sulfur Isotope Composition 
Temporal Variability 
 
     The sampled vertical transects contain approximately 15 Ma of strata – from the Early 
Kinderhookian through the Mid-Osagean (Childress and Grammer, 2015; Boardman et al., 
2013. Both δ34SCAS and [SO42-]CAS values obtained from VS2 appear to occur over similar 
stratigraphic intervals as the 3rd-order sequences presented by Childress and Grammer (2015) 
(Figure 7). Increasing δ34SCAS from the base of the Compton Fm. to the Northview Fm. occur 
during the same interval as the established 3rd-order transgressive phase (Figure 7), while 
decreasing δ34SCAS values occur at the onset of the 3rd-order regressive phase within the 
Pierson Fm. A slight decrease in δ34SCAS values could also correlate with the 3rd-order 
regressive phase within the Northview Fm. No patterns are visible between the δ34SCAS 
values and higher-frequency cycles, suggesting that the δ34SCAS may not vary on high-
frequencies. The [SO42-]CAS values remain relatively constant during the 3rd-order 
transgressive phase of the Compton Fm. defined by Childress and Grammer (2015), though 
increase abruptly during the regressive phase within the Northview Fm. Values consistently 
decrease again during the regressive phase of the Pierson Fm. (Figure 7) With the limited 
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data, it is unclear if these trends are influenced by changes in sea level and therefore show 
consistent relationships between sulfur composition and regressive/transgressive phases. A 
drop in sea level and subsequent regression could cause partial restriction in a basin. 
Restriction of a basin, and subsequent evaporation, may result in increasing salinity, and 
therefore higher sulfate concentrations. Basin restriction could be a probable cause of the 
increase in [SO42-]CAS, though the same trend during the regression in the Pierson Fm. cannot 
be observed. The Northview Fm. is described as a proximal tidal flat environment (Childress 
and Grammer, 2015), and contains a significantly higher amount of silt and clay than the 
surrounding strata. It is therefore a more probable explanation that the increase in [SO42-]CAS 
is caused by a higher continental input, which would could cause a local increase of 
dissolved sulfate in the seawater. 
 
Lateral Variability 
     The δ34SCAS values across the lateral transect show good correlation over the 185 m lateral 
transect. Most samples lie within one standard deviation from the mean, and they show 
consistent deviation from the mean across the outcrop (Figure 8). The data show that there is 
no recognizable trend when moving laterally from one location to another on the 100 m 
scale.  At 0 m from north, and 35 m from north, hand samples and cores taken from the same 
location show δ34SCAS values within 0.4 ‰, showing that there is little difference in isotope 
composition between hand samples and cores. However, at other locations such as 65 m, 
hand samples and cores show differences in δ34SCAS values up to 5.6‰. The difference in 
values is likely due to sub-meter scale localized variations in the isotope composition of the 
rocks, as the samples were taken close, though not exactly in the same location. Sulfate 
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concentrations show variation (233-974 ppm), though there is no recognizable trend moving 
from one side to the other. Similar to the δ34SCAS values, the deviation from the mean is 
consistent for [SO42-]CAS across the outcrop, with the exception of an outlier at 83 m which 
lies at nearly 1000 ppm. (Figure 8). These consistent [SO42-]CAS values indicate that both 
depositional and diagenetic processes affecting sulfate concentration acted uniformly for the 
sediments across the outcrop, and that additionally to the δ34SCAS [SO42-]CAS may be used for 
outcrop-scale unit characterization. 
 
Paleogeographic Implications 
     Aside from evaluating its chemostratigraphic potential, the results of this study can be 
used to reconstruct paleoenvironmental and paleogeographic conditions, during the 
Mississippian. By comparing the δ34SCAS values obtained in this study to sulfur isotope 
compositions compiled in the global seawater record (e.g., Strauss, 1997; Kampschulte and 
Strauss, 2004; Paytan, 2011), we can evaluate the connectivity of the basin in which the 
studied strata were deposited to the global oceans. Previously compiled global sulfur isotope 
values obtained from evaporites, marine barite, and whole rock CAS for Early Mississippian 
seawater range from 20‰ to 24‰ (Figure 10; e.g., Strauss, 1997; Kampschulte and Strauss, 
2004; Paytan, 2011). The average value for δ34SCAS from the vertical transect (20.39‰), 
which is Early Mississippian in age, lies within this range. The global record also shows a 
decrease in δ34S from the Kinderhookian (approximately 355 Ma ago) to 15‰-17‰ in the 
Late-Osagean (approximately 340 Ma ago). The average δ34SCAS obtained from the 
Secondary outcrop is 15.8‰, therefore the data in this study is consistent with the decreasing 
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trend of δ34S through the Early Mississippian (Figure 9). This decrease in δ34S values may be 
the result of a decline in BSR during the transition from greenhouse to icehouse conditions 
(Haq and Schutter, 2008; Childress and Grammer, 2015). The sulfur isotope compositions 
obtained for the study outcrops match those expected for the global ocean seawater sulfate, 
implying that the studied strata were deposited in a basin open to global ocean circulation 
during the Early Mississippian. Previously discussed paleogeographic interpretation for the 
Mississippian shows the carbonate ramp flanked to the south by an open ocean basin, and 
subject to global seawater circulation (Gutschick and Sandberg, 1983; Childress and 
Grammer, 2015). The δ34SCAS findings in this study support this paleogeographic 
interpretation.  
Figure 10: Compilation of global seawater δ
34
S values. Values from the study lie within the range of 
previously published values for the Early Mississippian, shown by the red box. Samples from this study 
decrease from 20.4 ‰ in the Early Kinderhookian to 15.8 ‰ in the Osagean, matching the global seawater 
trend (Modified from Kampschulte and Strauss, 2004). 
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     Though the δ34SCAS values for this study generally match those of the global sulfur record, 
there may have still been periods of partial restriction. Localized restriction due to high 
frequency (<5 Ma) sea level fall may have occurred at some point and may be responsible for 
some of the variations in δ34SCAS values within the vertical section that deviate from the 
overall global seawater trend. Work completed on the Mississippian limestone at other 
locations in the Midcontinent may also deviate from the global trend due to these localized 
sub-basin restrictions in seawater circulation. However, the overall trend shows that the 
carbonate ramp at this location was predominantly open to global ocean circulation during 
the Early Mississippian. 
 
Chemostratigraphic Potential of CAS 
     The sulfur compositions for the Early Mississippian carbonates within the study area 
fluctuate on frequencies that appear to be similar to that of previously established 3rd-order 
sequences (Figure 7). Occurring over such low-frequency cycles, no distinct enrichment or 
depletions in δ34SCAS are seen that may be used for high-frequency correlation. The long 
residence time of sulfate in the global ocean (10 Ma) along with the large volume of the 
global ocean sulfate pool does not allow for high-frequency (<5 Ma) or high magnitude 
fluctuations in the sulfur composition of seawater. Therefore, these data show that δ34SCAS 
would not be effective at correlating units on high-frequency time-scales for the 
Mississippian carbonates. However, δ34SCAS may be used for global correlation in 
conjunction with the global sulfur record on 3rd-order and lower-frequency time scales (>5 
Ma).  
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     The chemostratigraphic implications discussed above apply to the Mississippian 
carbonates deposited on the mid-ramp environment of the Burlington Shelf, which, based on 
the recent paleogeographic interpretation (Childress and Grammer, 2015), as well as the 
δ34SCAS data from this study, was implied to have been open to global ocean circulation. 
Sulfur isotope compositions are of limited use for correlation when studying sediments 
deposited in open ocean basins, however, they may be more effective in correlation on 
higher-frequency cycles when obtained from sediments deposited in restricted basins 
(Bergersen, 2016). A restricted basin, one that is cut off either partially or entirely from the 
global oceans would receive limited, or no sulfate input from the global sulfate pool. Without 
receiving sufficient replenishment from global oceans, bacterial sulfate reduction occurring 
in a restricted basin could cause the seawater sulfate sulfur composition to be enriched in the 
basin relative to global oceans (e.g., Chen et al., 2013; Sælen et al., 1993). The sulfate pool of 
the restricted basin would be a smaller volume, and more susceptible to frequent 
perturbations in the sulfur cycle, resulting in higher-frequency variations (e.g., Gill et al., 
2007; Chen et al., 2013). These high-frequency cycles may be seen as shorter-duration (<5 
Ma), higher magnitude, enrichments and depletions in the sulfur isotope composition, and 
therefore may be used to characterize and correlate higher temporal resolution rock units than 
this study indicates. Bergersen (2016) suggests a similar idea, noting that correlation success 
would be dependent on developing a high resolution seawater record for the basin, in 
conjunction with using a high sampling density. Therefore, the potential remains for sulfur to 
be used as an effective correlation tool when working in rocks that were deposited within a 
single restricted basin. 
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Impact of Diagenetic History 
 
       In order for δ34SCAS values obtained from our samples to be used in chemostratigraphic 
correlation or paleogeographic reconstruction we must be confident that these values reflect 
the chemistry of seawater during deposition, and not post-depositional fluids or diagenetic 
events that may have occurred. Therefore, it is important to understand the diagenetic history 
of any rocks in which sulfur isotopes are analyzed. The Mississippian rocks in the 
Midcontinent have been proposed to have a complex diagenetic history (Morris et al, 2013; 
Mohammadi et al., 2017), which could have possibly altered the sulfur isotope composition. 
Thin section analysis by Childress and Grammer (2015) found blocky calcite cement (<10%) 
suggesting the possibility of dissolution and remineralization during meteoric or burial 
diagenesis (Flügel, 2010). If the calcite cement was a result of meteoric fluids moving 
through the system, the sulfate concentration may have been lowered, though the isotope 
composition would be preserved, as no new sulfate was introduced into the system (Gill et 
al., 2008). Dolomite rhombs are present, though they rarely make up more than 2% of sample 
mineralogy and are usually localized; therefore, dolomitization was not extensive (Childress 
and Grammer, 2015).  
     Studies completed on Early Mississippian rocks in Missouri and Oklahoma using oxygen 
and carbon isotopes indicate multiple diagenetic and cementation events (Morris, et al., 2013; 
Mohammadi et al., 2017). Morris et al. (2013) recognized several different cement types with 
distinct oxygen and carbon isotope compositions, though attributed all to early marine or 
meteoric cementation. As mentioned before, early marine cementation would represent that 
of the depositional seawater, and episodes of meteoric dissolution and precipitation may 
affect sulfate concentrations, though would not affect sulfur isotope composition. However, 
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in addition to early marine and meteoric cements, Mohammadi et al. (2017) found oxygen 
and carbon compositions of calcite and dolomite cements to be consistent with late 
diagenetic events sourced from basinal fluids. The authors propose that saline fluids from 
underlying Ordovician rocks migrated upward into Mississippian strata during episodes of 
late-diagenesis.  
     Stable oxygen and carbon isotope composition of carbonate samples collected from the 
studied outcrop (Sessions, 2016) points to minimal impact of diagenesis. Sessions (2016) 
concluded that isotopic overprinting had not occurred for oxygen or carbon and that the 
obtained values represent the depositional isotopic composition of the rocks. An evaluation 
of the oxygen and carbon values obtained for the Primary outcrop revealed that compositions 
match those determined to be meteoric and early marine by Mohammadi et al. (2017; 
Appendix, Figure 18).  
      Therefore, although Mohammadi et al. (2017) and Morris et al. (2013), suggest a 
complex diagenetic history for the Mississippian rocks in the Midcontinent, the rock 
formations sampled for this study do not appear to have undergone any significant diagenesis 
that would have altered the sulfur isotope composition (Childress and Grammer, 2015; 
Sessions, 2016; Mohammadi et al., 2017). Further in support of the study area having 
undergone limited diagenetic alteration, is that the δ34S match those of the global ocean for 
the Early Mississippian, as well as reflecting the global depletion of δ34S values into the mid-
Osagean.  
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Trace Metal Content 
     Cadmium, P, and Ti show apparent trends in TM abundance that may be used to 
reconstruct paleoenvironmental changes through time, and be tied to sequences or distinct 
rock units. Cadmium shows the most distinct trends in both bulk-fraction and carbonate-
fraction TM content that appears to correspond with the established 3rd-order sequences 
(Childress and Grammer, 2015), though peak enrichments and depletions are offset from 
sequence boundaries (Figure 8). Higher-frequency variations may exist, though the sampling 
interval limits the resolution in which these trends can be recognized. Phosphorous appears to 
follow similar 3rd-order frequency cycles, matching those of Cd. Given that the outcrop 
covers approximately 15 Ma of time, these cycles occur on 5-10 Ma time-scales suggesting 
that changes in productivity occurred on similar time scales and are reflected in the Cd and P 
content of the rocks. 
     Titanium possibly shows temporal trends on higher-frequencies than Cd and P. Figure 8 
shows Ti abundance fluctuating on 1-3 m intervals – similar time scales as the established 
4th-order frequencies. Though some 1-m cycles seen in the Ti record appear to match the 
frequency of the 4th-order high-frequency sequences presented by Childress and Grammer 
(2015), limited data makes it unclear whether they correlate with the exact sequence 
boundaries. It is even less clear whether these variations in Ti abundance are influenced by 
these sequence cycles, or rather the effect of a different process such as sediment input or 
biogeochemical processes. From this data there is no apparent relationship with regressive or 
transgressive phases, however, it does appear that 4th-order cycles of longer duration (seen 
from 0-3 m and 9-12 m) correspond with Ti abundance trends of longer duration. Other TMs 
abundances may also change through time and have relationships with sequences or 
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lithology, though the obtained data is not high enough resolution to draw any stratigraphic 
relevant conclusion.  
     Some trace metals (Al, Ti, Cr, Co) are strongly tied to the detrital input, whereas others 
(Ba, Cd, P) are more affected by productivity processes occurring within the water column 
(e.g., Tribovillard et al., 2006, and references therein). Those that are highly influenced by 
detrital input may be affected by sea level changes as the amount of continent-derived 
sediment input changes from lowstand to highstand. Determining which fractions a TM is 
primarily associated with can aid in determining its origin, and whether or not it is strongly 
tied to detrital input. The element’s relationship with Al is useful in determining detrital 
influence as Al is thought to be of primarily detrital origin, and usually immobile after 
deposition (Calvert and Pederson, 1993; Hild and Brumsack, 1998). Therefore, the Al 
abundance in a sample is commonly used to infer the amount of detrital input into the 
system. Bulk-fraction TM abundances for our samples were plotted against Al content 
(Figure 11). Trace metals that show a correlation with Al content (TM increases with 
increasing Al content) are of primarily detrital origin, whereas those that do not, are of 
primarily non-detrital origin. Mo, Cr, and V, correlate well with Al abundance and are 
therefore of primarily detrital origin (Figure 11), whereas Cd does not show an increase in 
abundance with Al, and is not a function of detrital input.  
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Figure 11: Crossplots of bulk-fraction TM/Al content. Those that correlate well with Al (Mo, Cr, V) are 
inferred to be of primarily detrital origin, while those that do not show any correlation (Cd) are likely related to 
processes occurring in the water column. 
      
     Through comparison of the bulk-fraction values relative to the carbonate-fraction for each 
TM, the relative TM content that was sourced from the seawater, and therefore influenced by 
processes affecting seawater TM abundance, can be determined. For metals with 
significantly lower carbonate-fraction than the bulk-fraction, it is likely that there was 
substantial TM input from sources other than seawater including detrital input, or input 
linked to early diagenetic (biologic) processes occurring below the sediment-water interface. 
As the difference between the two fractions increase, so does the relative difference in inputs. 
For TMs where the carbonate-fraction represents a significant portion of the bulk-fraction 
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TM content, TMs were influenced more by processes effecting the seawater TM content, as 
opposed to detrital and early diagenetic input into the sediment. These relative bulk-fraction 
and carbonate-fraction abundances change across the section, indicating a change in either 
detrital input, early diagenetic processes, or paleoseawater conditions. In the case where 
bulk-fraction abundance decreases while carbonate-fraction abundance is stable, it is most 
likely that there was a decrease in detrital input due to a change in sea level or sediment 
source.  
     The ‘bulk-vs-carbonate’ fraction relationship can be used as way to qualitatively assess 
the relative changes in continent-derived detrital and early diagenetic input compared to the 
seawater-derived or hydrogenous content for the study outcrop. Bulk-fraction and carbonate-
fraction content for Cd and P follow similar trends (Figure 9), providing additional evidence 
that the Cd content was primarily sourced from the seawater, with little detrital or early 
diagenetic influence. Similar to Cd, Ba shows little non-seawater derived content, as both 
bulk-fraction and carbonate-fraction follow the same average of approximately 5 ppm. It 
should be expected that these TMs reflect seawater abundances and are often used as 
paleoproductivity proxies (Tribovillard et al.,2006). Vanadium, U, and Cr show bulk 
fractions that vary relative to carbonate-fractions through time. Samples around 2 m have 
bulk-fraction abundances that are 600-800% greater than those of the carbonate-fraction. 
Though from the interval 5.75 to 7 m, the bulk-fractions are only 100-200% greater, 
increasing as they approach 7 m. Overall, a correlation with Al abundance suggests that V, 
Cr, and U content is primarily detrital, though the ‘bulk-vs.-carbonate’ fraction relationship 
shows changes across the section, and subsequently through time. Titanium bulk-fraction 
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abundances are consistently 300-400% greater than the carbonate-fraction, indicating a 
primarily detrital origin, as expected for Ti (Figure 9). 
 
V, U, and Mo, as Paleoredox Proxies 
 
 
     The bulk-fraction data from this study shows that no significant enrichments, relative to 
average shale (Wedepohl, 1971), occur in V, U, and Mo (average EFs < 4.5). Uranium shows 
an average depletion with an EF of 0.70. The lack of enrichment in Mo suggests that the 
environment was not under euxinic conditions during deposition, while the lack of V and U 
enrichments suggest that anoxic conditions did not exist. While EFs for V are greater than 1, 
and EFs for Mo are as high as 4.4, they were not high enough to infer significant enrichment. 
For comparison, sediments that are interpreted to be sporadically anoxic-euxinic in the 
Namibian upwelling zone have V EFs of 10 while Mo EFs are over 100 (Borchers et al., 
2005). The system may have had localized anoxia during short durations of deposition, or 
possibly abundant sulfide limited to the sediment column, resulting in slightly enriched 
values in certain samples, though significant overall enrichment is not seen. Therefore, the 
data from this study indicate that the paleoceanographic system in which these sediments 
were deposited in was under oxic or possibly suboxic (2>[O2]>0.2 ml/l H2O) conditions.  
     To further assess the redox conditions, we plotted Mo/Fe content and compared our 
samples to samples from modern settings of various redox conditions as presented by Little 
et al. (2015) (Figure 12). This included samples from both euxinic and oxic systems in 
Cariaco and the Black Sea, as well as the Peru margin, which is interpreted to be an anoxic to 
sporadically euxinic environment. The samples from this study fall in the same range as the 
samples from the oxic Black Sea system. With this comparison, we make the assumption that 
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the oceanographic processes during the Mississippian were behaving in the same way as they 
do in modern oceanographic environments. If so, this further supports the conclusion that the 
Mississippian sediments in the study area were deposited in an overall environment where 
oxygen was present within the water column (Figure 12). This remains consistent with the 
paleogeographic interpretation of a distally-steepened ramp that was open to ocean 
circulation and oxygen input.  
    
 
 
Figure 12: Diagram showing Mo/Fe EF ratios for the samples from this study (red dots), as well as ranges for 
samples from different environments as presented by Little, et al. (2015). Note that the samples from this study 
fall within the Black Sea-Oxic range. All EFs are normalized to average shale compositions. 
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      Comparing TM data from carbonate samples to previously published data on organic-rich 
shales is not straightforward. Comparing the TM values of samples with very different 
lithology and overall compositions, as well as using average shale values in calculating our 
enrichment factors leads to uncertainties that cannot be easily quantified. However, at this 
time there is little TM data for carbonates which we can compare to, and no average 
carbonate values which we can use to calculate EFs. Therefore, until data is available on a 
reference composition for the average carbonate, we are limited to the use of average shale 
compositions when calculating our enrichment factors. We may also correct our calculations 
for the carbonate dilution, estimating the TM content as if we only had the “shale” fraction. 
However, with such an approach, our TMs and Al content would scale up proportionally, 
resulting in the same enrichment factors as discussed. 
 
 
 
Chemostratigraphic Potential of TMs 
 
     Relative enrichments and depletions in TM abundances of rock units may be used for 
chemostratigraphic correlation on a local, and possibly regional scale. For the study area, Cd, 
P, and Ti trends discussed above may provide a way to correlate stratigraphy, though due to 
the gradual nature of these TM trends, and the relatively low magnitude of change, 
correlation would be difficult and limited to low-frequency (3rd-order scale) intervals. 
Titanium may provide higher-frequency cycles, though it would be difficult to distinguish 
one trend from another, as they do not differ in character or magnitude. Trace metals that 
show distinct, high magnitude, short-duration enrichments or depletions would be more 
recognizable and easier to correlate on a regional scale.  
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     It is possible that the TMs measured in this study do vary on higher-frequency or more 
distinct trends within the outcrop, because our dataset is limited by the sampling resolution. 
For example, V, U, and Cr bulk-fraction abundances show a single outlier just above 10 m 
(Figure 9). Unfortunately, there is a lack of data in close stratigraphic proximity to that data 
point, so it remains unclear whether it is an outlier, or it reflects an actual enrichment in the 
TM content of the rock. If an enrichment exists, it could be used to correlate that rock unit 
with other rocks units that may share a similar V, U, and Cr, enrichment. This shows the 
importance of sampling resolution when attempting to correlate using chemostratigraphy. At 
best, correlation is only possible on the scale in which data is obtained, and often, as in this 
case, higher resolution data is needed to determine trends. 
      The advantage of using TMs for rock characterization and correlation is that each TM 
offers an additional parameter to use. Different sets of TMs are influenced by different 
processes and subsequently provide different paleoenvironmental information. Therefore, the 
specific TMs that may be useful for correlation are dependent on what processes are 
dominant in the basin at the time of deposition. For example, if changes in redox conditions 
occur within the interval of interest, variations in Mo, U and V may be seen, and used for 
correlation. If the water column remains oxic during the entire interval of interest, the above 
mentioned metals may be of limited use and other metals such as those used as proxies for 
productivity or detrital input should be examined. The same metals cannot be expected to 
provide the same correlation potential in different basins, because the processes affecting TM 
content change along with differing paleoceanographic conditions. Due to this, a single TM 
enrichment or depletion should not be used for correlation, but rather a set of TM data would  
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be more effective in reconstructing paleoenvironmental conditions during deposition of the 
sediments
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CHAPTER V 
 
 
 
SUMMARY AND CONCLUSIONS 
      
     This study assessed the potential of using two geochemical parameters, CAS sulfur 
isotope compositions, and TM abundances, as novel chemostratigraphic correlation tools in 
carbonate systems. Each parameter is shown to have certain advantages and disadvantages 
that must be considered when attempting to use them for correlation. In this study, δ34SCAS 
values show trends that may be recognized on 5-10 Ma time scales, though due to the long 
residence time of sulfur, higher-frequency enrichments/depletions are difficult to recognize 
when working in open ocean basins. However, δ34SCAS can be used for low-frequency (>5 
Ma time scales) correlation with the global seawater sulfur isotope record. Sulfur isotope 
compositions may offer enhanced potential for correlation when working in restricted basins, 
as higher-frequency cycles in δ34SCAS may be seen due to the smaller sulfate pool. Sulfur 
isotopes may be affected by diagenetic processes, so a thorough diagenetic investigation for 
the study area must be completed prior to any correlation application.  
     The potential of a specific TM for correlation changes from one study area to another 
depending on the environmental changes that occurred within the system. In this study, Cd, 
P, and Ti show potential trends that could be used for correlation, although such trends are 
only evident on 5-10 Ma time-scales (3rd-order sequences). Other metals that are used as 
paleoredox indicators (V,U, Mo) may prove useful in other locations where environments 
 52 
underwent rapid fluctuations between oxic, anoxic, and euxinic conditions, resulting in high-
amplitude spikes in abundance. These high-amplitude spikes would be more effective at 
correlating units from one location to another, as they are more recognizable than the low-
amplitude trends seen in this study. Variations in TM abundance represent changes in the 
environmental processes occurring at the time of deposition, therefore, if the system was 
relatively stable, TMs associated with those processes will not reflect trends that can be used 
for correlation.  
     For both δ34SCAS and TM abundance the sampling resolution of the study was inadequate 
to fully delineate possible higher frequency trends. Certain TM abundances may change 
more rapidly across the outcrop than the data show, though they could not be defined due to 
the sample density. For these and other geochemical tools, the detail at which units can be 
defined and correlated relies on the resolution for which data is obtained. For example, the 
characterization and correlation of meter-scale geochemical units necessarily requires sub-
meter scale sampling density. Therefore, it is necessary to emphasize the importance of 
considering sampling resolution prior to any future studies and to adjust sampling according 
to the goal of the study. 
     Aside from the possible use as correlation tools, δ34SCAS and TM data provides valuable 
paleoceanographic information about the Mississippian carbonate system. The δ34SCAS values 
for this study match those of global seawater, indicating the basin was open to global 
circulation, supporting the current paleogeographic interpretation. Trace metal content, 
namely, the lack of significant V, U, or Mo enrichments, indicates that deposition of the 
studied strata occurred under oxic conditions, as opposed to anoxic or euxinic. Ratios for 
Mo/Fe also fall within the range of those taken from an oxic shelf in a previous study (Little 
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et al., 2015). The presence of oxygen along the shelf margin suggests ocean circulation, 
further supporting the interpretation as an open ocean basin. 
     Further work is necessary to fully assess the potential of both δ34SCAS and TM abundances 
as such correlation tools, and if they have advantages over the more commonly used δ18O 
and δ13C isotopes of carbonates. It is clear that CAS sulfur variations through time do not 
occur with high enough frequency to use for regional correlation in a non-restricted basin, 
though the potential in a restricted basin is still unclear. If a similar study, though with a high 
sampling density (10-30 cm intervals) was carried out in a basin that is known to have been 
significantly restricted during the majority of deposition of the sampled strata, an increase in 
fluctuation of δ34SCAS values may be seen.  
     For both sulfur isotope compositions and TM content, a study based on high-density 
sampling (< 0.5 m intervals) of drill cores would be very valuable. Core sampling would not 
only give the opportunity for a more complete stratigraphic interval to be sampled, but it 
would be closer to simulating the conditions of an industry application, where core material 
is often more accessible than outcrops. Furthermore, more work on the nature of carbonate 
associated sulfate and trace metals, and how various diagenetic processes affect them, is 
necessary to fully understand the associated geochemical systems. 
The development of an effective geochemical tool that can be used for regional 
correlation within heterogeneous systems is of interest to both academic researchers and 
industry professionals. Being an important hydrocarbon reservoir, a chemostratigraphic 
method to correlate rocks within the Mississippian limestone in the Midcontinent may prove 
useful to the hydrocarbon industry. Once refined, geochemical correlation tools tested here 
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may offer unconventional solutions to the correlation problems associated with conventional 
lithostratigraphic correlation methods in heterogeneous carbonate reservoirs
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Figure 13: Photo of the Secondary outcrop, showing Reeds Spring Fm. and Pierson Fm. contact (red dashed line). Samples were 
collected within 10-30 cm below the marker bed. 
 
 
 64 
Table 2 
Vertical Transects δ34SCAS and Sulfate Concentrations 
Sample Name Transect 
# 
Stratigraphic 
Height (m) 
Formation  δ34SCAS 
‰ 
CO3 
(%) 
Sulfate Conc. 
mMol/kg ppm 
VS2 
 
 
 
  VS2-1 2 0.38 Compton 17.54 90 2.47 237 
VS2-2 2 1.01 Compton 18.35 91 2.43 233 
VS2-3 2 1.55 Compton 20.65 96 2.30 221 
HSVS2-4 2 2.10 Compton 21.54 90 0.90 87 
HSVS2-5 2 2.38 Compton 21.46 90 1.50 144 
HSVS4-15a 2 2.50 Compton 12.40 85 4.70 451 
HSVS4-15b 2 2.50 Compton 12.32 85 4.70 451 
HSVS4-15c 2 2.50 Compton 12.37 85 4.70 451 
HSVS2-6 2 4.10 Compton 23.31 90 1.25 120 
HSVS4-2 2 4.35 Northview 22.82 66 4.27 410 
VS4-6 2 4.35 Northview 23.85 42 7.28 699 
VS2-7a 2 5.02 Northview 21.86 58 3.66 352 
VS2-7b 2 5.02 Northview 20.96 58 3.66 352 
VS2-7c 2 5.02 Northview 21.37 58 3.66 352 
VS4-1 2 5.22 Northview 22.91 40 10.16 976 
HSVS4-3 2 5.22 Northview 22.62 66 5.82 559 
HSVS2-8 2 5.32 Northview 25.57 58 4.26 409 
HSVS4-5 2 5.64 Northview 21.93 50 6.49 624 
VS2-9a 2 5.82 Pierson 23.74 93 2.60 250 
VS2-9b 2 5.82 Pierson 24.03 93 2.60 250 
VS2-9c 2 5.82 Pierson 24.31 93 2.60 250 
VS2-10 2 6.50 Pierson 24.08 93 4.73 455 
VS2-11 2 7.03 Pierson 24.44 93 3.96 381 
HSVS4-8 2 8.14 Pierson 21.29 95 3.70 356 
VS4-11 2 8.99 Pierson 16.33 87 2.69 258 
VS2-12 2 9.23 Pierson 21.26 93 2.70 259 
HSVS4-9 2 9.44 Pierson 18.24 96 2.27 218 
VS4-10 2 9.44 Pierson 20.18 97 3.27 314 
HSVS4-13 2 9.79 Pierson 17.67 88 4.82 463 
HSVS4-12 2 9.99 Pierson 14.16 87 2.72 262 
VS2-13 2 10.16 Pierson 17.19 93 3.17 304 
VS2-14 2 11.15 Pierson 21.91 93 1.30 125 
HSVS4-14 2 11.55 Pierson 18.63 95 2.99 287 
VS2-15 2 11.95 Pierson 21.91 93 1.55 149 
Continued on next page. 
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Table 2, continued. 
Vertical Transects δ34SCAS and Sulfate Concentrations 
Sample Name Transect 
# 
Stratigraphic 
Height (m) 
Formation δ34SCAS 
‰ 
CO3 
% 
Sulfate Conc. 
mMol/kg ppm 
VS3 
     VS3-01 3 0.63 Compton 25.50 90 1.55 149 
VS3-02 3 1.67 Compton 25.15 90 25.22 2423 
HSVS3-3 3 4.23 Compton 22.46 88 2.56 245 
HSVS3-4 3 6.08 Pierson 20.94 97 3.21 309 
HSVS3-4NB 3 6.08 Pierson 20.19 97 3.14 302 
HSVS3-5(1) 3 10.08 Pierson 24.37 93 1.19 115 
HSVS3-5(2) 3 10.08 Pierson 23.74 97 2.00 192 
HSVS3-6 3 11.08 Pierson 23.29 93 1.08 104 
VS23c 
     VS23c-1 23c 0.53 Compton 22.97 90 1.62 156 
VS-23c-2 23c 1.03 Compton 7.37 90 1.70 164 
HSVS23c-3 23c 1.55 Compton 22.20 90 1.77 170 
VS23c-4 23c 4.10 Compton 23.37 90 1.22 117 
VS23c-5 23c 5.64 Northview 25.83 58 1.98 191 
Modern-1 Modern 
 
Bahamas 22.09 99 30.14 2895 
Samples beginning with ‘HS’ are hand samples while the rest are short core samples. 
Stratigraphic height refers to the height above the Woodford Shale contact in meters. δ34SCAS 
values are reported in per mille (‰). Carbonate (CO3) % was estimated from the mass of 
carbonate and insoluble material in each sample. Sulfate concentrations were calculated 
gravimetrically. Samples named VS2 and VS4 are both from transect 2. A modern sample is 
included for comparison. 
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Table 3 
 
Lateral Transect δ34SCAS and Sulfate Concentrations 
Sample Name Position 
(m)  
Formation δ34SCAS  
‰ 
CO3  
% 
Sulfate Conc. 
mMol/kg ppm 
HSLS1-5 0 Pierson 12.43 84 2.80 269 
LS1-5 0 Pierson 12.09 84 4.15 399 
HSLS-16 10 Pierson 18.06 78 5.93 570 
HSLS1-4 35 Pierson 13.49 84 2.82 271 
LS1-4 35 Pierson 13.20 84 2.54 244 
HSLS-15 50 Pierson 16.78 93 4.22 405 
HSLS1-3 65 Pierson 19.90 84 2.43 233 
LS1-3 65 Pierson 16.13 84 3.56 342 
HSLS-12 83 Pierson 16.04 76 6.75 648 
LS-12 83 Pierson 21.62 94 10.15 975 
HSLS1-2 85 Pierson 13.99 84 3.71 357 
HSLS-10 103 Pierson 15.91 81 6.49 624 
LS-11 103 Pierson 14.34 85 5.21 500 
HSLS-8 105 Pierson 17.40 84 5.35 514 
LS1-1a 105 Pierson 13.29 84 3.71 357 
LS1-1b 105 Pierson 13.04 84 3.71 357 
LS1-1c 105 Pierson 13.13 84 3.71 357 
HSLS-9 130 Pierson 19.31 79 6.25 601 
HSLS-7 140 Pierson 15.28 80 6.82 655 
LS-7 140 Pierson 19.19 92 3.09 297 
HSLS-13 160 Pierson 18.61 84 6.11 586 
HSLS-14 185 Pierson 13.77 83 5.67 545 
Samples beginning with ‘HS’ are hand samples while the rest are short core samples. 
Stratigraphic height refers to the height above the Woodford Shale contact in meters. δ34SCAS 
values are reported in per mille (‰). Carbonate (CO3) % was estimated from the mass of 
carbonate and insoluble material in each sample. Sulfate concentrations were calculated 
gravimetrically. A modern sample is included for comparison. 
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Table 4 
Bulk-Fraction TM Content 
Sample Name Stratigraphic 
Height (m) 
Mg  Al  P  Ti  V  Cr  Mn  Fe  Co  Ni  
VS2 ppm 
VS2-3 1.55 7890.95 2133.61 131.91 848.36 8.36 2.96 638.21 1782.15 2.68 6.70 
VS2-12 2.20 4749.76 4234.32 88.21 706.30 9.07 4.35 658.01 2253.84 7.10 35.55 
VS2-9 5.82 2628.32 1138.66 178.20 882.80 1.66 1.14 601.42 956.63 0.51 2.73 
VS4-10 6.50 1563.64 1157.02 48.75 768.22 2.62 1.06 623.49 787.03 3.87 8.97 
VS2-10a 6.50 1839.63 1455.53 76.37 806.49 3.18 1.48 453.56 816.21 0.96 4.25 
VS2-10b 6.50 1925.06 1520.78 78.78 803.30 3.12 1.35 450.15 802.72 0.93 4.22 
VS2-10c 6.50 2052.22 1564.17 85.19 805.48 3.17 1.38 453.92 810.92 0.93 4.21 
VS2-11 7.03 1832.42 1886.48 89.17 712.55 3.62 1.83 413.09 1295.46 1.15 9.05 
VS2-13 10.16 2329.82 3992.21 59.04 712.14 6.17 4.27 782.55 3377.00 11.92 25.61 
VS2-14 11.15 1592.00 1081.57 228.73 776.39 2.35 0.98 424.00 614.55 6.86 9.76 
VS2-15 11.95 1513.76 717.28 77.19 795.85 1.40 0.97 499.17 452.48 0.90 4.08 
VS3 
          VS3-2a 1.67 2475.20 1718.18 141.78 729.25 4.05 2.60 383.44 1373.49 0.77 3.74 
VS3-2b  1.67 2988.47 2218.51 182.41 686.29 3.74 1.87 356.34 1268.60 0.67 3.46 
HSVS3-4 6.08 4496.19 1890.87 85.24 833.31 4.69 1.46 497.23 1458.56 0.97 8.98 
HSVS3-5 10.08 2035.48 2864.96 118.98 777.48 5.71 2.79 477.90 1822.74 0.99 19.53 
HSVS3-5 (Std.) 10.08 1369.88 703.00 121.50 317.37 2.27 2.09 404.35 871.31 0.68 13.95 
HSVS3-6 11.08 2656.05 3613.53 196.98 1027.68 9.94 4.25 549.47 2262.70 7.03 30.07 
Continued on next page.
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Table 4, continued. 
Bulk-Fraction TM Content 
Sample Name Stratigraphic 
Height (m) 
Zn  Mo  Cd  Ba  Pb  Th  U  
VS2 ppm 
VS2-3 1.55 15.26 0.10 0.14 5.40 0.70 0.42 0.04 
VS2-12 2.20 19.36 0.27 0.17 15.71 1.91 0.73 0.09 
VS2-9 5.82 13.76 0.06 0.27 3.65 0.81 0.39 0.03 
VS4-10 6.50 11.52 0.02 0.19 6.28 1.14 0.29 0.03 
VS2-10a 6.50 13.82 0.08 0.23 5.81 0.85 0.43 0.04 
VS2-10b 6.50 13.76 0.03 0.23 5.96 0.82 0.41 0.04 
VS2-10c 6.50 13.71 0.04 0.24 6.37 0.84 0.41 0.04 
VS2-11 7.03 11.39 0.07 0.37 7.33 0.76 0.36 0.08 
VS2-13 10.16 23.69 0.15 0.20 49.52 3.17 0.64 0.05 
VS2-14 11.15 16.04 0.07 0.25 4.73 0.80 0.20 0.03 
VS2-15 11.95 12.54 0.00 0.22 3.26 0.65 0.17 0.03 
VS3 
       VS3-2a 1.67 11.41 0.22 0.21 6.63 0.75 0.36 0.05 
VS3-2b  1.67 10.80 0.06 0.20 6.68 0.72 0.34 0.04 
HSVS3-4 6.08 40.19 0.21 0.23 4.94 0.93 0.54 0.05 
HSVS3-5 10.08 17.03 0.15 0.28 12.99 0.79 0.71 0.05 
HSVS3-5 (Std.) 10.08 16.90 0.06 0.29 9.99 0.63 0.14 0.06 
HSVS3-6 11.08 22.82 0.28 0.34 13.29 1.31 0.73 0.07 
Samples labeled ‘HS’ are hand samples while the rest are short core samples. Stratigraphic height refers to the height above the 
Woodford Shale contact in meters. Values for vertical transects VS2 and VS3 are included and reported in ppm.  
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Table 5 
Carbonate-Fraction TM Content 
Sample Name Stratigraphic 
Height (m) 
Mg  Al  P  Ti  V  Cr  Mn  Fe  Co  Ni  
VS2 ppm 
VS2-1 0.38 4543.91 682.03 56.01 171.67 2.01 1.04 359.65 559.14 6.31 7.55 
VS2-2 1.01 6123.88 815.81 42.64 208.29 1.65 0.87 503.46 1134.90 0.71 3.46 
VS2-3 1.55 3615.57 108.46 20.01 234.46 0.58 0.26 405.25 410.27 1.43 0.80 
VS2-5 2.38 4448.51 760.56 24.65 297.63 1.47 0.80 626.84 729.14 0.45 3.73 
HSVS2-6a 4.10 2168.33 529.85 33.16 245.08 0.47 0.37 493.15 496.96 0.24 1.79 
HSVS2-6b 4.10 2039.56 501.80 30.71 219.67 0.43 0.34 476.98 478.78 0.23 1.68 
VS4-6 4.35 1515.06 238.64 18.18 176.62 0.45 0.93 428.57 345.42 2.13 6.79 
VS2-7a 5.02 10052.92 1752.86 34.35 233.25 7.58 3.08 756.28 2975.29 2.83 32.84 
VS2-7b 5.02 8174.17 1402.46 24.27 187.99 6.17 2.37 628.50 2488.78 2.38 27.71 
VS4-1 5.22 4981.40 166.17 33.39 178.48 1.01 0.78 465.72 814.95 10.44 2.17 
HSVS2-8 5.32 3379.41 1955.58 36.71 209.88 7.27 4.74 342.24 1454.60 0.84 8.36 
VS2-9 5.82 2633.83 213.33 59.31 299.43 0.26 0.22 441.54 363.76 0.22 0.76 
VS2-10a 6.50 2128.57 246.91 48.00 289.66 0.48 0.18 410.13 311.96 0.59 1.32 
VS2-10b 6.50 2107.36 244.63 51.03 283.89 0.48 0.18 482.62 315.61 0.59 1.31 
VS2-11 7.03 2270.52 318.38 37.63 226.16 0.52 0.26 427.79 379.57 0.81 2.30 
VS4-7 8.14 2043.89 128.94 44.92 235.33 0.34 0.27 439.96 263.18 4.65 1.16 
VS4-11 8.99 1760.20 88.62 37.02 321.61 0.21 0.16 595.62 237.51 0.96 2.78 
VS2-12 9.23 4145.47 634.42 33.39 291.90 1.19 0.52 610.42 493.60 1.17 5.03 
VS4-10 9.44 1692.06 90.73 26.10 235.56 0.24 0.13 520.07 235.88 1.78 1.21 
HSVS2-4 9.95 4505.30 458.16 34.34 275.62 0.93 0.45 420.07 490.03 0.51 3.22 
VS2-13 10.16 2246.62 556.32 28.06 216.16 0.57 0.43 523.17 309.46 4.44 6.51 
VS2-14a 11.15 2176.26 234.74 57.13 300.93 0.49 0.26 456.25 244.50 6.06 4.22 
VS2-14b 11.15 1787.29 186.36 45.69 277.12 0.34 0.17 506.90 179.36 4.55 3.16 
VS2-15 11.95 1663.86 138.41 34.86 298.71 0.26 0.17 407.59 168.31 0.36 0.88 
Continued on next page. 
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Table 5, continued. 
Carbonate-Fraction TM Content 
Sample Name Stratigraphic 
Height (m) 
Zn  Mo  Cd  Ba  Pb  Th  U  
VS2 ppm 
VS2-1 0.38 8.30 0.00 0.25 3.79 0.99 0.37 0.03 
VS2-2 1.01 3.89 0.00 0.13 4.73 0.44 0.30 0.02 
VS2-3 1.55 2.14 0.00 0.10 1.15 0.41 0.13 0.01 
VS2-5 2.38 3.06 0.00 0.09 5.48 0.44 0.29 0.01 
HSVS2-6a 4.10 7.46 0.00 0.09 4.92 0.64 0.29 0.01 
HSVS2-6b 4.10 7.09 0.00 0.09 4.82 0.62 0.29 0.01 
VS4-6 4.35 3.18 0.00 0.10 10.79 0.56 0.81 0.04 
VS2-7a 5.02 7.23 0.00 0.17 8.35 0.97 0.66 0.03 
VS2-7b 5.02 6.25 0.00 0.17 7.67 0.90 0.62 0.03 
VS4-1 5.22 3.00 0.00 0.12 2.01 0.58 0.50 0.01 
HSVS2-8 5.32 6.56 0.00 0.22 13.01 1.26 0.98 0.03 
VS2-9 5.82 0.88 0.00 0.20 2.20 0.53 0.20 0.01 
VS2-10a 6.50 3.16 0.00 0.20 2.01 0.56 0.21 0.01 
VS2-10b 6.50 3.20 0.00 0.19 2.07 0.57 0.22 0.01 
VS2-11 7.03 4.00 0.00 0.41 2.23 0.59 0.17 0.03 
VS4-7 8.14 20.79 0.00 0.18 2.43 0.82 0.22 0.01 
VS4-11 8.99 2.92 0.00 0.16 2.13 0.74 0.21 0.02 
VS2-12 9.23 2.16 0.00 0.17 4.55 0.90 0.25 0.02 
VS4-10 9.44 1.99 0.00 0.15 2.47 0.70 0.16 0.01 
HSVS2-4 9.95 3.13 0.00 0.10 2.93 0.38 0.12 0.01 
VS2-13 10.16 5.52 0.00 0.17 22.41 1.13 0.32 0.01 
VS2-14a 11.15 2.77 0.00 0.25 2.81 0.47 0.08 0.02 
VS2-14b 11.15 1.89 0.00 0.20 2.24 0.39 0.06 0.01 
VS2-15 11.95 2.59 0.00 0.18 1.78 0.38 0.10 0.01 
Samples beginning with ‘HS’ are hand samples while the rest are short core samples. Stratigraphic height refers to the height 
above the Woodford Shale contact in meters. Values for vertical transects VS2 and VS3 are included and reported in ppm.  
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Figure 14: P, Ti, V, and Cr content for VS2. Green circles are carbonate-fraction while gray squares are bulk-fraction. 
Concentrations are in ppm, and height is in meters above Woodford Shale contact. 
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Figure 15: Mn, Fe, Co, and Ni content for VS2. Green circles are carbonate-fraction while gray squares are bulk-fraction. 
Concentrations are in ppm, and height is in meters above Woodford Shale contact. 
 
 
 
 
 
 
 73 
 
 
 
 
Figure 16: Zn, Mo, Cd and Ba content for VS2. Green circles are carbonate-fraction while gray squares are bulk-fraction. 
Concentrations are in ppm, and height is in meters above Woodford Shale contact. 
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Figure 17: Pb, Th, and U content for VS2. Green circles are carbonate-fraction while gray squares are bulk-fraction. 
Concentrations are in ppm, and height is in meters above Woodford Shale contact. 
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Table 6 
Bulk-Fraction TM Enrichment Factors 
Sample Name Stratigraphic 
Height (m) 
P  Ti  V  Cr  Mn  Fe  Co  Ni  
VS2 Enrichment Factor 
VS2-3 1.55 7.85 7.68 2.68 1.37 31.28 1.57 5.87 4.10 
VS2-12 2.20 2.65 3.22 1.47 1.01 16.25 1.00 7.84 10.98 
VS2-9 5.82 19.88 14.98 1.00 0.99 55.24 1.58 2.10 3.13 
VS4-10 6.50 5.35 12.83 1.55 0.91 56.36 1.28 15.65 10.14 
VS2-10a 6.50 6.66 10.71 1.50 1.00 32.59 1.06 3.07 3.82 
VS2-10b 6.50 6.58 10.21 1.40 0.88 30.96 0.99 2.87 3.63 
VS2-10c 6.50 6.92 9.95 1.38 0.87 30.35 0.98 2.79 3.52 
VS2-11 7.03 6.00 7.30 1.31 0.96 22.90 1.29 2.86 6.27 
VS2-13 10.16 1.88 3.45 1.06 1.06 20.50 1.59 13.97 8.39 
VS2-14 11.15 26.86 13.87 1.48 0.90 41.00 1.07 29.68 11.80 
VS2-15 11.95 13.67 21.44 1.33 1.33 72.78 1.19 5.89 7.44 
VS3 
        VS3-2a 1.67 10.48 8.20 1.61 1.50 23.34 1.51 2.10 2.85 
VS3-2b  1.67 10.44 5.98 1.15 0.83 16.80 1.08 1.42 2.04 
HSVS3-4 6.08 5.73 8.52 1.70 0.76 27.50 1.45 2.39 6.21 
HSVS3-5 10.08 5.27 5.24 1.36 0.96 17.45 1.20 1.62 8.91 
HSVS3-5 (Std.) 10.08 21.95 8.72 2.21 2.93 60.16 2.33 4.50 25.93 
HSVS3-6 11.08 6.92 5.50 1.88 1.16 15.90 1.18 9.11 10.88 
          Minimum 1.88 3.22 1.00 0.76 15.90 0.98 1.42 2.04 
Maximum 26.86 21.44 2.68 2.93 72.78 2.33 29.68 25.93 
Average 9.71 9.28 1.53 1.14 33.61 1.32 6.69 7.65 
          Average Shale Conc. [ppm] 700 4600 130 90 850 47200 19 68 
    Continued on next page. 
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Table 6, continued 
Bulk-Fraction TM Enrichment Factors 
Sample Name Stratigraphic 
Height (m) 
Zn  Mo  Cd  Ba  Pb  Th  U  
VS2 Enrichment Factor 
VS2-3 1.55 6.69 1.58 43.44 0.39 1.45 1.47 0.46 
VS2-12 2.20 4.28 2.14 27.06 0.57 2.01 1.28 0.51 
VS2-9 5.82 11.31 1.86 162.73 0.49 3.18 2.55 0.73 
VS4-10 6.50 9.32 0.73 109.67 0.83 4.39 1.83 0.57 
VS2-10a 6.50 8.88 1.91 108.36 0.61 2.58 2.19 0.65 
VS2-10b 6.50 8.47 0.71 101.40 0.60 2.38 1.98 0.60 
VS2-10c 6.50 8.20 0.92 106.26 0.62 2.38 1.95 0.61 
VS2-11 7.03 5.65 1.34 135.63 0.60 1.80 1.43 1.03 
VS2-13 10.16 5.55 1.33 34.28 1.90 3.53 1.18 0.33 
VS2-14 11.15 13.88 2.36 155.32 0.67 3.28 1.39 0.76 
VS2-15 11.95 16.36 0.00 210.57 0.70 4.05 1.71 0.86 
VS3 
       VS3-2a 1.67 6.21 4.41 83.15 0.59 1.93 1.54 0.75 
VS3-2b  1.67 4.55 0.89 60.30 0.46 1.45 1.14 0.39 
HSVS3-4 6.08 19.89 3.74 81.41 0.40 2.18 2.12 0.57 
HSVS3-5 10.08 5.56 1.78 65.85 0.69 1.22 1.83 0.40 
HSVS3-5 (Std.) 10.08 22.50 2.90 278.72 2.18 4.01 1.46 2.19 
HSVS3-6 11.08 5.91 2.65 65.21 0.56 1.61 1.49 0.45 
         Minimum 4.28 0.00 27.06 0.39 1.22 1.14 0.33 
Maximum 22.50 4.41 278.72 2.18 4.39 2.55 2.19 
Average 9.60 1.84 107.61 0.76 2.56 1.68 0.70 
Average Shale Conc. [ppm] 95 2.6 0.13 580 20 12 3.7 
Samples beginning with ‘HS’ are hand samples while the rest are short core samples. Stratigraphic height refers to the height 
above the Woodford Shale contact in meters. Enrichment factors were calculated relative to average shale values (ppm) from 
Wedepohl, 1971, 1991).  
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Figure 18: Crossplot of δ13C/ δ18O values relative to Vienna Pee Dee Belemnite 
(modified from Mohammadi et al., 2017). Values for the Primary outcrop as reported by 
Sessions (in press) fall within the red circle. 
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